This paper proposes a novel multicellular ac-dc transformer (ADX). The proposed ADX consists of sensorless isolated ac-dc cell converters based on the multicellular converter topology and a non-isolated dc-dc converter for power factor correction (PFC). A single ac-dc cell converter is composed of a diode rectifier and a dc-dc transformer (DCX) with no feedback controllers. These cell converters are connected in input-series-and-output-parallel (ISOP) and inputparallel-and-output-series (IPOS) configurations to achieve various voltage transformation ratios. One of the features of the proposed ADX is the high scalability with no master-slave control. Each power converter in the ADX requires its own local information, and no additional auxiliaries are required for the global control of the multicellular converter, because the ISOP and the IPOS connection topologies in the multicellular converter inherently achieve balanced voltage and equalized current among the cell converters. The proposed ADX has a simplified control system and accomplishes high scalability without requiring additional components. A simplified circuit analysis is carried out to show the feasibility of the proposed ADX, and an ac 60 V -dc 40 V laboratory prototype, with three pairs of cell converters connected in ISOP, is fabricated to verify the analysis. The proposed approach contributes to realizing future dc distribution systems in data centers, taking into account the prevalence of the standardized high-power-density converters.
Introduction
Environmentally friendly data centers have been proposed by Nippon Telegraph and Telephone (NTT) group to realize future low-carbon society (1) . The energy-and the resourcesavings in the data centers are achieved by the 380 V dc distribution system which goes beyond the conventional 48 V dc distribution system (2) (3) . Compatibility of the dc distribution system with the distributed generators also pushes a smoother introduction of the renewable energy sources such as the solar photovoltaic power generations to reduce an environmental impact. The dc distribution system is an attractive option for the low-carbon society, and the prevalence of the power electronics (PE) converters are indispensable for the flexible control and the effective use of the electric power.
The standardization and the componentization taking the scalability into account are the key issues for the widespread use of the PE converters. The output-power-density (OPD) of the PE converters has been linearly increasing by a factor of two figures over a few decades (4) , and the high OPD a) Correspondence to: Yusuke Hayashi. E-mail: yusuke3.hayashi @toshiba.co.jp * Power Electronics Circuit and Systems Laboratory, Green Electronics Research Institute, Kitakyushu 1-8-409, Hibikino, Wakamatsu-ku, Kitakyushu, Fukuoka 808-0135, Japan * * Corporate Research & Development Center, Toshiba Corporation 1, Komukai-Toshiba-cho, Saiwai-ku, Kawasaki 212-8582, Japan converters using SiC and GaN semiconductor power devices have been already reported (5) - (9) . However, these power converters are generally customized for the designated applications. The approach for the prevalence of the PE converters must be discussed.
A multicellular converter topology is one of options for the prevalence of the PE converters. The series-parallel connection of the cell converters achieves various levels of the rated voltage and high output power. The voltage and the current stresses of each cell converter are reduced and the widespread use of the standardized cell converters is promoted. These low-voltage converters (e.g. 48 V) are now highly integrated, and the componentized converter modules over the OPD of 50 W/cm 3 are commercially available (10) . The dc-dc and acdc multicellular converters have been proposed to enhance their performances (11) - (15) . One of issues to achieve the high scalability of the multicellular converter is the complicated control system with a lot of auxiliaries such as the voltage sensors, the current sensors, the controllers and the signal lines. Each cell converter in the multicellular converter requires not only its local information but also the global information to accomplish the balanced voltages and the equalized currents among cell converters. The local control for each cell converter is dependent on the master control based on the global information of the multicellular converter, and the mutually utilized master-slave control causes the decrease of the converter reliability (16) (17) . In this paper, the multicellular ac-dc transformer (ADX) is newly proposed to develop highly scalable isolated ac-dc c 2018 The Institute of Electrical Engineers of Japan.
converter without the additional auxiliaries. In Section 2, the concept of the multicellular ADX is introduced. In Section 3, the reliability of the proposed ADX is briefly discussed. In Section 4, the behaviour of the multicellular ADX is described and the analysis for the voltage sharing among cell converters is carried out. In Section 5, the laboratory prototype of the multicellular ADX is developed and the feasibility of the proposed approach is verified.
Highly Scalable and Sensorless Multicellular
AC-DC Transformer for DC Distribution System
Conventional 380 V DC Distribution System and Multicellular AC-DC Converter
The configuration of the conventional 380 V dc distribution system is shown in Fig. 1 (3) . The overall schematic diagram from the ac input to the ICT loads is shown in Fig. 1(a) , and the detailed circuit configuration of the power converters in the Rectifier (RF) is shown in Fig. 1(b) . The medium voltage of ac 6.6 kV is transformed to the low voltage of ac 200 V by the 50 Hz/60 Hz distribution transformer, and the low voltage of ac 200 V is converted to the dc 380 V by the Rectifier which consists of the power factor correction (PFC) converters and the isolated dc-dc converters. Characteristics of the Rectifier are summarized as follows.
• The single-phase power conversion topology is applied to keep providing the electric power in the case of the accidents such as the one-line-to-ground faults at the input ac side.
• Three pairs of the PFC converter and the isolated dc-dc converter are installed to the ac lines, and the output terminals of the isolated dc-dc converters are connected in parallel.
• The PFC converters improve the input current waveform sinusoidally, and the isolated dc-dc converters control the output dc voltage at the nominal voltage of dc 380 V. Intensive studies have been conducted to develop highly efficient and ultra-compact PFC converters and isolated dcdc converters. The PFC converter using GaN transistors has (a) (b) Fig. 1 . Configuration of conventional 380 V dc distribution system (3) . (a) overall distribution system from ac input to ICT loads, (b) detailed circuit configuration of Rectifier accomplished the efficiency of approximately 99% (5) , and the power density over 10 W/cm 3 has been reported for the isolated dc-dc converters (7) . These converters are attractive for the conventional dc 380 V power feeding system connected into ac 200 V power feeder.
The multicellular converter topology is one of approaches to take full advantage of the above high performance power converters not only for ac 200 V to dc 380 V distribution system but also for various voltage levels of future distribution systems (e.g. ac 100 V, ac 200 V, ac 400 V, . . . to dc 12 V, 48 V, 380 V, 600 V, . . . ). The features of the multicellular converter topology are summarized as follows.
• The input and output (I/O) voltages and the output power of the multicellular converter are scalable by connecting the low-voltage and low-power cell converters in seriesparallel.
• The low-voltage ultra-low loss semiconductor power devices such as GaN transistors are available to develop highly efficient cell converters.
• The output power density and the conversion efficiency of the multicellular converter ideally correspond to the power density and the efficiency of the single lowvoltage and low-power cell converter. Figure 2 shows an example of the circuit configuration for the multicellular ac-dc converter (15) (18) . In Fig. 2 , a pair of a single-phase full-bridge ac-dc converter and an isolated dc-dc converter composes a single cell converter, and a number of cell converters are connected in input-series-output-parallel (ISOP). The ac-dc converters are controlled to keep the output dc voltage at the designated feeding voltage, and the isolated dc-dc converters are controlled to achieve the balanced input voltage and the shared output current among cell converters.
In the multicellular converter topology, the master-slave control is generally applied to avoid the voltage and the current unbalances among cell converters. The modulation index for the ac-dc converters and the duty ratio for the isolated dc-dc converters are calculated at the master controller Fig. 2 . Configuration of typical multicellular ac-dc converter which comprises pairs of full-bridge ac-dc converter and isolated dc-dc converter using the global information of the total input ac voltage and the output dc voltage. The control signals for the modulation index and the duty ratio are wired to all local controllers from the master controller. The auxiliaries such as the additional controllers, the voltage sensors and the current sensors are required. The control system becomes complicated and the master controller becomes one of key issues to discuss the converter reliability because its information is mutually utilized in all of the cell converters. Figure 3 shows the configuration of the proposed multicellular ac-dc transformer (ADX) to develop the multicellular ac-dc converter without the additional auxiliaries. The conceptual diagram is shown in Fig. 3(a) and the detailed circuit configuration is shown in Fig. 3(b) . The proposed ADX consists of the diode full-bridge rectifier, the unregulated isolated dc-dc converter (DCX) and the non-isolated boost dc-dc converter. The roles of these converters are summarized as follows.
Concept of Multicellular AC-DC Transformer and Detailed Circuit Configuration
• Each diode full-bridge circuit rectifies the divided ac voltage and the rectified uni-directional voltage is applied to the DCX.
• The DCX is utilized for the isolation and the voltage transformation without the voltage regulation. The constant duty ratio control is applied to the DCX and the voltage waveform which is proportion to the rectified input voltage is delivered to the secondary side.
• The isolated rectifiers composed of the above diode rectifiers and the DCXs are connected in ISOP and • The non-isolated boost dc-dc converter is installed behind the isolated rectifiers. This converter is utilized to improve the power factor, and the input current is controlled to be sinusoidal synchronizing with the rectified input voltage. As shown in Fig. 3 , the sensors to detect the voltage and the current are utilized for only the local control of the nonisolated boost dc-dc converter. There are no controllers in the diode rectifiers, and the DCXs also require no sensors and auxiliaries for the control of the multicellular converter because of the constant duty ratio control. In the ISOP connection topology, the divided voltage and the shared current among cell converters are inherently balanced under the steady state operation condition in case that the unregulated dc-dc converters are employed (19) . The features of the proposed multicellular ADX are summarized as follows.
• The multicellular converter topology achieves high scalability. Multicellular ADX with various I/O voltages and the output power can be developed by stacking the standardized cell converters in a unified way.
• The proposed ADX simplifies the control systems. The master-slave control correlated with all of the cell converters can be removed and the local controller for the boost converter is only required.
• The reliability of the multicellular converter can be improved. The proposed ADX needs smaller number of controllers and the switching power devices than the number of these components in the multicellular converter shown in Fig. 2 . In the following chapters, two analyses are conducted to show the availability of the proposed ADX. One is the analysis for the reliability of the multicellular converters. The other is the analysis for the input voltage sharing among the ISOP connected cell converters under the full-wave rectification input.
Relative Estimation of Reliability for Multicellular AC-DC Transformer
The part count reliability prediction of JEITA is available to estimate the failure rate of the power converters (20) . In this chapter, the reliability and the failure rates of the multicellular converters are relatively compared to show the availability of the proposed ADX.
Generally, the reliability of the equipment R is formulated by using the failure rate λ and the duration t as follows. Here, the failure rate of each component is regarded as the constant value taking only the random failure into account (17) .
The multicellular converters based on the ISOP connection topology in Fig. 2 and Fig. 3(b) have no redundancy because of the series connection at the input side. The reliability of the ISOP connected converter is simply estimated based on the characteristics of the series system (16) . Figure 4 shows the schematic illustration to estimate the reliabilities of ISOP connected multicellular converters. The auxiliaries for the master-slave control affects the reliability of the multicellular Figure 4(a) shows the block diagram for the reliability of the conventional multicellular converter in Fig. 2 . The subscripts of AD, DCX, Sctrl and Mctrl are applied to the fullbridge ac-dc converters, the isolated dc-dc converters, the slave controllers and the master controller respectively. The reliability of the multicellular converter R MCC is calculated as follows.
Figure 4(b) shows the block diagram to estimate the reliability of the multicellular converter whose cell converters consist of the diode full-bridge rectifiers and the non-isolated boost converters instead of the ac-dc converter in Fig. 2 . Figure 4(b) is indirectly utilized to compare the reliabilities of the proposed ADX with the multicellular converter in Fig. 2 . The subscripts of REC and BST are utilized for the diode full-bridge rectifier and the boost converter respectively. The reliability R MCC2 of the multicellular converter in Fig. 4(b) is calculated as follows.
Figure 4(c) shows the diagram for the reliability of the proposed multicellular ADX. The boost converters are located behind the isolated dc-dc converters and these converters are replaced by the single boost converter. The reliability of the proposed ADX R ADX is as follows.
From the above equations, the reliabilities of the multicellular converters are discussed by using the total amount of their failure rates. The failure rate of the proposed ADX λ ADX is smaller than the failure rate λ MCC2 in Fig. 4(b) because of the smaller component count. Then, the failure rate λ MCC and λ MCC2 are compared to show the availability of the ADX indirectly.
The symbols of λ Q , λ D , λ L are the failure rates for the MOS-FET, the diode and the inductor. These failure rates are given as λ Q = 0.099 (/Mhrs), λ D = 0.022 (/Mhrs) and λ L = 0.0022 (/Mhrs) (20) . Finally, the difference of two failure rates can be quantified as follows.
Based on the above estimation, the relationship among three converters for the failure rates and the reliabilities are summarized as follows. The reliability of the proposed multicellular ADX has the potential to improve the reliability of the multicellular converter.
The reliability of the proposed ADX was simply evaluated without taking the redundant configuration into account. The fault tolerant operation for the ISOP connected multicellular converter has been already proposed (21) , and the parallel running of the converters connected in IPOP (Input Parallel and Output Parallel) has been also employed. These methodologies for the redundant operations enables to enhance the reliability of the proposed ADX.
Analysis for Multicellular AC-DC Transformer
Based on ISOP Connection Topology
Simplified Circuit modelling of Unregulated and Isolated DC-DC Converter
In the dc circuit, the behavior of the DCX can be described by the equivalent circuit using the dependent voltage source and the dependent current source under the steady state operation condition (10) (22) . The equivalent circuit using the dependent sources is useful to analyze the behavior of the multicellular converter, however, the input voltage of the DCX is based on the full-wave rectification in the proposed multicellular ac-dc transformer. The availability of the equivalent circuit using dependent sources has to be confirmed under the input voltage of the full-wave rectification. Figure 5 (a) shows the typical circuit configuration of an isolated buck-boost dc-dc converter. This is one of circuit configurations for the DCX and the instability caused by the circuit inductance and the capacitance is discussed. Figure 5(b) is the equivalent circuit of the isolated dc-dc converter in Fig. 5(a) in case that the circuit parameters are translated based on the parameters at the secondary side. Figure 5(c) means the simplified equivalent circuit using the dependent sources to confirm its availability. In the case of the turn ratio of the transformer n = 1, the behavior of the dc-dc converter is described as follows by using the state-space averaging method (23) - (25) .
The From Eq. (11), the relationship between the input and the output voltages are calculated as follows via the Laplace transformation. (12) means that the voltage transformation ratio |V o (s)/V i (s)| and the phase angle difference of the DCX has the frequency characteristics of the 2nd order low pass filter. In Eq. (12), the symbols of f c and ζ are the cutoff frequency and the damping factor respectively. To describe the equivalent circuit of the DCX simply by using the dependent sources, the voltage transformation ratio of 1.0 and the phase angle difference of 0 are indispensable at the frequencies which the full-wave rectified input voltage contains. Figure 6 shows the calculation results of the voltage transformation ratio |V o (s)/V i (s)| and the phase angle difference of the 48 V-48 V 300 W buck-boost converters whose switching frequencies f SW are 50 kHz, 100 kHz, 1 MHz and 3 MHz. The detailed parameters for this calculation are summarized in Table 1 . The circuit parameters L M and C are designed to suppress the switching ripples of the inductor current i L and the capacitor voltage v o . These parameters depend on the switching frequency f SW and they are calculated as follows. Fig. 6 . Characteristics of voltage transformation ratio and phase angle difference for unregulated isolated dcdc converters whose switching frequencies are 50 kHz, 100 kHz, 1 MHz and 3 MHz Table 1 . Parameters for frequency characteristics analysis of single DCX
Figure 6 means that the high frequency converter with the small inductance L M and the capacitance C achieves the high responsibility. The voltage transformation ratio and the phase angle difference are 1.0 and 0 respectively at the frequency of 600 Hz for the converter operated at the frequency of 3 MHz, however, the transformation ratio varies and the phase angle difference is about 90 degrees at the frequency around 600 Hz for the 50 kHz converter.
The full-wave rectified input voltage waveform of the DCX in the multicellular ADX is formulated by using the Fourier series expansion as follows.
In the above equation, the amplitude and the fundamental angular velocity of the input voltage are V m and ω 0 respectively. The integer n means the order of the harmonic voltage contained in the input voltage v i . The dc component and the harmonics up to 10th order have to be considered to recreate the full-wave rectified sinusoidal voltage. In case that the fundamental frequency f 0 (= ω 0 /2π) is 60 Hz, the voltage transformation ratio and the phase angle difference should keep 1.0 and 0 under the frequency of dc to 600 Hz. Based on the design in this section, the switching frequency over 1 MHz is required to regard the isolated dc-dc converter as an ideal transformer. The equivalent circuit using the dependent voltage source and the dependent current source as shown in Fig. 5(c) is available for the high frequency unregulated dc-dc converter. Now, the switching frequency of the commercially available isolated dc-dc converters with the voltage class of 48 V and the output power of several hundred watts is at a level of 1 MHz (10) . The low-voltage and high frequency converters are strong candidates for the multicellular ADX.
Behavior of Multicellular Isolated Rectifier Based on ISOP Connection Topology
In the proposed multicellular ac-dc transformer, pairs of the diode bridge rectifier and the DCX are connected in ISOP and the capacitors are optionally connected in both the input side and the output side. In this section, the input voltage sharing among series connected DCXs is discussed in case the full-wave rectified voltage is applied to the multicellular converter. Figure 7 (a) shows the circuit configuration of ISOP connected multicellular ADX using two pairs of the diode fullbridge rectifier D1, D2 and the isolated buck-boost dc-dc converter DCX1, DCX2. The equivalent circuit for the voltage sharing analysis is also shown in Fig. 7(b) . The equivalent circuit using the dependent voltage source and the dependent current source is available for the high frequency isolated dcdc converter, taking the analysis in the previous section into account. In Fig. 7(b) , the diode rectifiers under the on-sate are expressed by using the resistances, and the positive rectified waveform V IN is considered to simplify the analysis.
From Fig. 7(b) , the relationship between the voltages and currents are formulated as follows.
Here, the symbols of V i1 , V i2 are the input voltages of DCX1, DCX2 respectively. The input capacitances for DCX1, DCX2 are C i1 , C i2 respectively, and the output resistances are r o1 , r o2 . The output capacitances for two DCXs are bundled and the bundled output capacitance is C o . The load resistance corresponds to the rated output power for each DCX is R o . The relationship between the total input voltage V IN and the divided input voltage for DCX1 V i1 is finally obtained as follows.
The voltage unbalance under the steady state operation condition is estimated by applying the final value theorem to Eq. (23). The following equation shows the input voltage of the DCX 1 under the steady state.
The mismatch of the output resistances r o1 , r o2 of two DCXs affects the unbalanced input voltage, however, the influence of the mismatch is negligible because the output resistances r o1 , r o2 are sufficiently smaller than the load resistance R o in general. The total input voltage V IN is equalized approximately and the equally divided voltages are applied to all DCXs in the dc circuit condition.
The unbalanced voltage in transient is estimated by applying the initial value theorem to Eq. (23) . The following equation means the input voltage of the DCX 1 in transient.
The mismatch of the input capacitances C i1 , C i2 of two DCXs determines the voltage unbalance directly and the variation in these capacitances should be minimized. The influence of the input capacitances C i1 , C i2 has to be discussed in the case of the accidents such as the voltage sag and line-toground fault.
The output capacitance C o affects the cutoff frequency of the frequency characteristics in Eq. (23) . The cutoff frequencies f cD , f cN for the denominator and the numerator in Eq. (23) are calculated as follows. These cutoff frequencies Table 2 . Parameters for behavior analysis of two DCXs connected in ISOP should be designed to keep the voltages V i1 , V i2 at the value obtained from the final value theorem and to keep the phase angle difference approximately 0 under the frequencies contained in the full-wave rectification. Figure 8 shows the input voltages and phase angle differences for two DCXs in Fig. 7 . The circuit parameters for the input capacitances C i1 , C i2 , the output resistances of DCXs r o1 , r o2 , the load resistance R o and the output capacitance C o are summarized in Table 2 . These circuit parameters were determined based on the commercially available low-voltage high frequency dc-dc converter (10) . The output capacitance C o was varied from 12 μF to 1.2 mF here. The voltage ratio of V ik /V IN (k = 1, 2) means the amplitudes of the input voltages for two DCXs in case the amplitude of the total input voltage V IN is 1. The voltage ratio of 0.5 means the total input voltage is equally divided by two series connected DCXs. The phase angle differences mean the shifted phase angle of the voltages V i1 , V i2 based on the phase angle of the total input voltage V IN . The voltage ratio of 0.5 and the phase angle of 0 are required under the frequency up to 600 Hz (10th order harmonics) for the ISOP connected two DCXs. In this calculation, the output capacitance of 120 μF is maximum and the smaller output capacitance is recommended for the stable behavior of the multicellular ac-dc transformer.
Experiment for Multicellular AC-DC Transformer
The laboratory prototype of the multicellular ac-dc No external capacitors were connected to apply the full-wave rectified voltage to the non-isolated dc-dc converter. No sensors and no controllers were installed for the isolated rectifiers to simplify the circuit configuration. The sensors for the voltage and the current detections were employed for the non-isolated dc-dc converter behind the multicellular isolated rectifier to control the input inductor current sinusoidally synchronizing with the input rectified voltage. Table 3 shows the parameters for the experiment. The input voltage of the multicellular ADX V IN is ac 60 V and the input voltages V i1 , V i2 , V i3 for three diode rectifiers connected in series are ac 20 V ideally. The divided voltages of ac 20 V are rectified by three diode full-bridge circuits and these are also isolated by the DCXs. The output terminals of DCXs are connected in parallel and the output voltages of DCXs are bundled. The bundled output voltage of DCXs V rec corresponds to the full-wave rectification of the divided ac 20 V. The output voltage V OUT is controlled at dc 40 V by the non-isolated boost converter, synchronizing the input inductor current I L with its input voltage V rec . For the control of the boost converter, the voltage sensor ACPL-C87, the current sensor ACPL-C79 from AVAGO and the digital controller PE-Expert IV form MYWAY PLUS were utilized here. Figure 11 shows the experimental result of the multicellular ac-dc transformer from the start-up operation to the steady state condition. As mentioned above, the input voltage V IN Table 3 . Parameters for experiment Fig. 11 . Experimental result for ac 60 V-dc 40 V multicellular ac-dc transformer using three pairs of isolated rectifiers connected in ISOP was ac 60 V and this was divided equally among three by the ISOP connected isolated rectifiers. The voltages V i1 , V i2 , V i3 were approximately ac 20 V and these voltages were fully rectified as shown in V rec . Based on the rectified voltage V rec , the inductor current I L of the non-isolated dc-dc converter was controlled to be synchronized with V rec . The rectified power was converted to the dc power by the boost converter based on the classical feedback control, and the dc voltage of the average 40 V smoothed by the output capacitance C o was obtained. The output current of three DCXs I rec1 , I rec2 , I rec3 were equally shared, and the total amount of these three currents appeared at the ac input side. The input current I IN was approximately sinusoidal and the power factor of the multicellular ADX was 0.987. The peak current of I IN which affects the input apparent power was higher than the peak current for the input active power because of the controllability around zero current. The total harmonic distortion (THD) of the input current was also obtained and the calculation result of the THD affected by the 3rd and 5th order harmonics mainly was 3.85%.
Conclusions
The multicellular ac-dc transformer (ADX) was newly proposed to realize highly scalable and sensorless isolated ac-dc converters. The circuit configuration based on the ISOP connection topology with no auxiliaries such as sensors and master-slave controllers was introduced and the behaviour of the proposed multicellular ADX was briefly described. The reliabilities of the multicellular ac-dc converters were qualitatively discussed and the potential of the ADX to improve the reliability was shown. The voltage unbalance issue in the ISOP connection topology was also discussed, and the simplified circuit analysis was conducted to show the feasibility of the proposed topology, taking the frequency characteristics of the unregulated isolated high frequency dc-dc converter into account. The laboratory prototype of the ac 60 V -dc 40 V ADX using three isolated rectifiers and the non-isolated boost converter was fabricated, and the fundamental conversion behaviour with the balanced voltages and the equally shared currents among the cell converters was confirmed.
The proposed multicellular ac-dc transformer achieves high scalability because of no complicated controls and no additional auxiliaries. The proposed topology is available not only for the 380 V dc distribution system but also for various voltage levels of future distribution systems. This approach expands the possibility of the converter design and pushes the prevalence of PE converters by introducing a lot of standardized lower-voltage and lower-power cell converters. Lower voltage stress of the cell converter enables to apply low-voltage ultra-low loss semiconductor power devices and it helps to develop high OPD converters taking highly integrated packaging technologies into account. The proposed multicellular converter approach contributes to realizing future low-carbon society.
